The stability conditions of methane hydrate in a nannofossil-rich claystone column have been investigated using a temperature-controllable pressure vessel. Careful analyses of the reaction process of the experiments confirmed the formation of methane hydrate in sediments, then the pressure-temperature stability conditions of methane hydrate were recognized from the beginning and end of each hydrate dissociation step. The results show that the stability condition of methane hydrate at a given pressure in the test sediment column is shifted to the lower temperature field by 0.4°C and 1.5°C relative to those in sea water and pure water, respectively.
cations, there is a BSR (bottom simulating reflector) that represents an interface between gas hydrate and free gas. However, detailed temperature profiles show that the depth (pressure) of the BSR occurs at a lower temperature than expected from the three phase stability conditions in seawater. Davis et al. (1995) have suggested that the temperature discrepancy at Hole 892B on Cascadia Margin would not exist if temperature data from corked holes were employed. Alternatively, the stability condition of hydrate may be different when the sediments host gas and water (Ruppel, 1997) .
Synthesizing gas hydrate in pressure vessels is a widely used method for investigating the stability conditions of gas hydrate in a specific medium. Most of this work has been applied to understand hydrate stability in solution (e.g., Sloan, 1998; Dholabhai et al., 1991; Dickens and QuinbyHunt, 1994, 1997) . Compared with these studies, research concerning hydrate stability in porous media has been rare. Several researchers have in-
INTRODUCTION
Natural gas hydrates, especially those in continental margin sediments, may be a major future energy resource (Kvenvolden, 1993a; Matsumoto et al., 1994) and is a key component of the global carbon cycle, particularly during past oceanographic change (Hatzikiriakos and Englezos, 1993; Kvenvolden, 1993b; Harvey and Huang, 1995; Dickens, 1999; Katz et al., 1999) . For these reasons, knowledge about the stability of methane hydrate in natural systems is indispensable.
The stability conditions of gas hydrates in submarine sediments are still uncertain. Typically, these are discussed in relation to experimentally derived conditions for CH 4 hydrate in pure water (Sloan, 1998) or seawater (Dickens and QuinbyHunt, 1994) . However, drilling results from the Cascadia Margin (Kastner et al., 1995) and the Blake Ridge (Paull et al., 1996; Ruppel, 1997) suggest that neither set of stability conditions can be simply applied to natural systems. At both lo-vestigated the effect of pore space on the formation of gas hydrate (Makogon, 1981; Yousif et al., 1988; Handa and Stupin, 1992; Uchida et al., 1999) . In general, smaller pore sizes appear to inhibit hydrate formation (Handa and Stupin, 1992; Uchida et al., 1999) which is consistent with theoretical considerations Henry et al., 1999) . However, these experiments were mainly conducted on silica gel with very small pore size (<100 nm). The effects of pore size and sediment composition have not been experimentally documented where pore sizes are typically larger than 100 nm in natural sediment.
In this study, we report the stability conditions of synthesized CH 4 hydrate in a nannofossil-rich claystone column that was taken from sediment core originally containing gas hydrates on the Blake Ridge during ODP Leg 164.
APPARATUS AND METHOD
A 1-liter pressure vessel surrounded by a temperature-controllable bath, as described by Lu and Matsumoto (1998) , was employed in the present research (Fig. 1) . The chamber pressure was measured with a pressure transducer, while one of the two platinum resistance thermometer sensors was inserted 20 mm into the sediment specimen and another one into the gas phase. Pressure and temperature precisions are ±0.1% full scale (~0.01 MPa) and ±0.1°C, respectively. When reactions are in progress, the inner chamber condition can be monitored by a charge coupled device (CCD) camera through three glass windows.
A nannofossil-rich claystone column (6 cm diameter and 10 cm length) had been taken from 414.4 m below the seafloor at Hole 995B (Core 11x-4, 0~10 cm) and had been stored at -30°C in a sealed plastic bag for about one year. The sample, wrapped loosely with clean analytical paper, was thawed at room temperature (~20°C). Because the sediment had lost pore water during storage and thawing, the sample was re-wrapped with wet paper after thawing. The paper-wrapped sample was wetted several times with deionized water while being kept at room temperature for 3 days for equilibration of pore water distribution. The column was then wrapped with dry paper and placed in the pressure vessel for about 12 hours at 0.5°C for the purpose of preventing the condensation of water on its outer surface in the following experiments. After being released from the paper wrap, the sediment column was set in the pressure vessel as shown in Fig. 1 . The sediment column did come into contact with the polyacrylamide columns but not the vessel wall. In order to produce more obvious pressure changes, the polyacrylamide columns were introduced into the system for reducing the free space of pressure vessel.
Only one such sediment column was available to us. Because the physical and chemical property measurements would damage the sample, these parameters were measured after the experiments (Table 1 ). The Cl -concentration of the pore water in the studied sediment was somewhat lower than the original pore water (~520 mmol/dm 3 ) near the employed core of the same hole (Paull et al., 1996) . We believe that the lower pore water Cl -concentration in our sample was the result of the dissociation of previously existed hydrate and by wetting the sediment during sample preparation.
Two procedures ensured a leak-free system: (1) the pressure vessel without sediment was charged with N 2 gas to the maximum test pressure and the experiment was started only if there was no pressure drop for at least 12 hours; and (2) during the experiment, the temperature of the pressure vessel was lowered to -3°C for more than 18 hours and the initial and final test pressures were compared.
A challenge in investigating hydrate stability in sediments is that it is difficult to make direct observations in hydrate formation occurring in pore space. However, because hydrate formation and dissociation involve changes in pressure and temperature in a closed system, stability conditions can be evaluated by carefully monitoring pressure and temperature changes during the reaction process (Cha et al., 1988) . Such monitoring forms the basis of this study.
After evacuation for more than 2 hours, pure CH 4 gas (>99.9%, Takachiho Chem. Co.) was added from an external tank to the vessel while the circulating coolant temperature was kept at 12°C. The coolant temperature was then lowered to and maintained at 0.5°C until no pressure change was observed in 24 hours. Generally the temperature in the pressure vessel was about 0.2°C to 0.5°C higher than that of the coolant due to heat exchange with air.
After keeping the temperature stable at 0.5°C for approximately two weeks, an obvious pressure decrease in the vessel was noticed. The temperature was then raised gradually to the initial conditions in 0.5°C increments. During this procedure, each step proceeded only after temperature and pressure were constant for more than 6 hours. The temperature and pressure data were recorded during the reaction process.
Before conducting experiments with the sediment, we calibrated the above procedure by applying it to a pure methane and water system. After the calibration run, we conducted three experiments with the Hole 995B sediment sample. Among the three runs with sediment, the second run was designed to check the reproducibility of the experiment. The system was thereafter kept at the condition just after the first run and experienced the same procedure as the first run. The third run was designed to investigate hydrate stability at lower pressures, so some methane gas was released from the pressure vessel after the second experiment before the same experimental procure was applied to the system. Figure 2 shows the dissociation process of a pure methane hydrate in water. It can be seen that the trajectory of hydrate dissociation is consistent with the equilibrium line plotted from the data collected by Sloan (1998) because hydrate dissociation in a closed two-components system proceeds along the triple-phase line in accordance with the Gibbs phase rule. When the temperature increases rapidly in a short time, however, a lag in the pressure change can be observed (Fig. 2) .
RESULTS
The delayed pressure response was a consequence of the relatively slow dissociation rate of the hydrate. Only after a certain time, did the pressure return to the equilibrium curve. Therefore the pressure and temperature data at the beginning and at the end of one step of hydrate dissociation can only be used to determine the stability condition of hydrate. Figure 3 depicts the reaction processes for the first two identical experimental runs with the test sediment column. Overall, the two experiments agree very well. However there is a slight pressure discrepancy between the two, which is believed to be the result of gas dissolution into the pore water.
The sequential experimental conditions are shown as step A through the end of reaction in Fig. 3 . In steps A to B, C to D, E to F, and from G onwards, pressure decrease/increase rates are similar to each other and are obviously temperaturedependent. The pressure changes in these steps were caused by thermal contraction/expansion of gas due to temperature change. However, in steps D to E, and F to G, pressure changes are temperature-independent. A more detailed time history of the reaction process of the second run is shown in Fig. 4 . The pressure increased at a rate of 0.04 MPa/1.0°C in the period corresponding to E-F in Fig. 3 . However, an increasing rate of 0.7 MPa/1.0°C in pressure was observed between 9.5°C and 9.7°C in period F to G. Since the pressure changes in steps D-E and F-G are temperature independent, they must have been resulted from other factors.
Regarding the pressure decrease in step D-E, we suggest that only two possibilities can cause it under the conditions of no gas leak and constant temperature: (1) methane gas dissolved in solution; (2) methane gas reacted to form a product with a smaller volume per mole of gas.
Because the 2nd run was conducted immediately after the 1st run, the amount of additional gas dissolution due to temperature decrease should be minimal since the solubility of CH 4 gas in water is very small (Handa, 1990) . As the result, the first possibility can be discounted. The pressure decrease in the period of stable temperature must therefore have resulted from the second possibility. In addition to methane gas, the materials in the pressure vessel are steel wall, thermometer sensors, polyacrylamide columns, sediment particles, and sediment pore water. Of these, only pore water can react with CH 4 gas to form methane hydrate. The volume of methane hydrate per mole of methane is 129 cm 3 /mol (22.5 cm 3 per mole of water) at 273 K and 278 K (Handa, 1990) , which is nearly half of that of methane gas (about 240 cm 3 /mol at 8.0 MPa). Thus, the decrease in pressure must have been caused by the formation of methane hydrate.
As to the pressure increase in step F-G, it must have been caused by the addition of gas under the condition of constant temperature. In the studied system, steel, polyacrylamide, sediment particles cannot release gas. Although organic matter in sediment can theoretically be converted to gas, the organic matter in sediment is less than 1.0% (Paull et al., 1996) and could not produce the observed pressure increase at such low temperature and in such a short period. The rapid pressure increase, 0.14 MPa, between 9.5°C and 9.7°C must have been caused by gas derived from hydrate dissociation. This pressure increase is almost identical to the original pressure decrease (0.13 MPa) in the period of D-E. The temperature and pressure stabilized in 1.5 hours between A and D and between E and F, whereas stabilization required about 4 hours for temperature and almost 2 days for pressure between F and G (9.5°C to 9.7°C). The dissociation of methane hydrate is an endothermic reaction, and the dissociated gas inside of the sediment needs time to reach the gas phase. The contrast in the stabilization time between periods A-D (or E-F) and F-G is further evidence for hydrate formation and dissociation in the test sediment. These results indicated that methane hydrate did form in the sediment column. Although we do not know exactly the distribution of hydrate in the sediment, we believe that hydrate mainly formed inside the sediment column for the following reasons. (1) No hydrate around the surface of the sediment column or on the pressure vessel wall was observed by the CCD camera, and (2) compared to that of the gas phase, a delay in sediment temperature change, detected by the thermometer sensor inserted in the column about 2 cm deep, was observed. If the hydrate dissociation occurred at the column surface or the pressure vessel wall, this phenomenon would not have been observed. In the first two identical experiments with sediment, hydrate saturation rates were calculated to be about 10% of the pore space based on the pressure changes due to hydrate formation and dissociation observed in Fig. 3 . With the methods discussed in the pure CH 4 -H 2 O system (Fig. 2) , the stability conditions of methane hydrate in the test sediment in a closed system have been determined at the beginning and the end of hydrate dissociation (Fig. 6) . 5°C, 8.08 MPa (F in Fig. 3), 8 . 0°C, 7.03 MPa (H in Fig. 5) , and 8. 6°C, 7.15 MPa (J in Fig. 5) ; recognized from the end of dissociation: 9. 7°C, 8.23 MPa (G in Fig. 3), 8 . 4°C, 7.15 MPa (I in Fig. 5) , and 8. 8°C, 7.22 MPa (K in Fig. 5 ). 
DISCUSSION
The stability conditions obtained in this study are plotted in Fig. 6 along with the phase diagrams of methane hydrate in pure water and seawater. It is well known that higher salinity causes gas hydrate to form at lower temperatures and higher pressures (e.g., Dholabhai et al., 1991) . The slight stability shift, such as that from H to I and from J to K, results from a higher salinity in the existing pore water at the beginning of dissociation (H and J) than that at the end of dissociation (I and K), as hydrate dissociation releases water to dilute the pore water. As shown in Fig. 6 , the stability data obtained from the first two runs and the first dissociation stage of the third run are similar. They shift the temperature required for hydrate stability about 1.5°C to the lower temperature region relative to that in pure water. However, J and K obtained from the second stage of the third run (Fig. 5) are located around the phase line of methane hydrate in seawater. This indicates that the formed methane hydrates exist with different stability conditions.
A model of multi-step dissociation may explain this phenomenon (Fig. 7) . Gas hydrates existing in different matrices have different stability conditions and consequently dissociate at different steps. In the present study, the differences between the two sets of stability data may be related to pore water compositions or sediment properties. Because only one sediment column was used for the present research, the pore water compositions after the third run should be the same as that after the second. The hydrate stability conditions, obtained from the ends of dissociation of the first two runs and the second stage of the third run, should be the same, if the stability differences are from pore water composition. Because the stability data from the first two runs are similar to that from the first stage but not that from the second stage of the third run, the pore water factor can be ruled out. Among sediment properties, only the pore size can change during the experiments. The two-step dissociation of the third run is therefore explained by the hydrates existing in two kinds of pores: the original pores and the pores reformed during the reaction process.
The first two runs with sediments did not experience the two-step dissociation, and consequently only data obtained from these runs and the first step of the third run, which yielded the same stability conditions, represent the stability condition of methane hydrate in the original pores. As shown in Fig. 6 , relative to the three-phase line of methane hydrate in seawater and pure water, the stability condition of methane hydrate in the test sediment was shifted to the lower temperature by 0.4°C and 1.5°C, respectively.
The chlorinity of pore water in the studied sediment was 469 mmol/dm 3 (Table 1) , which is less than that of seawater and will cause a stability shift of 1.0°C relative to that in pure water as calculated using the empirical equation of Lu and Matsumoto (2001) . Because the observed stability shift is larger than that caused by pore water alone, part of the effect must be contributed by the sediment.
This effect is thought of being mainly caused by variations in pore size and sediment particles. According to the experimental results of Uchida et al. (1999) and the theoretical considerations of Henry et al. (1999) , the shift in equilibrium temperature will be about 0.1°C if the pore size is 100 nm. The average pore size of the studied sediment is about 170 nm (Table 1) , so it should not affect hydrate stability appreciably. However, the experiments of Uchida et al. (1999) were carried out in a pure water-silica gel system. The condition will be different when an electrolyte solution exists in the pores of natural sediments because a larger proportion of water is contained in smaller pores and it interacts more strongly with sediment grains . Sediment grains, especially clay minerals, can react with pore water to depress water activity by forming a hydration and double ion layer around sediment grain. In natural sediments, clay minerals have especially large specific surface area. The studied sediment column is rich in clay minerals (Table 1) , so it is reasonable to suppose that the activity of water in the studied sediments, especially in the original pores, has been depressed. It has been established that hydrate stability condition shifts to the lower temperature region with a decrease in water activity (Menten et al., 1981; Dickens and QuinbyHunt, 1997) . We therefore suggest that the interactions of pore water with sediment particles, especially clay minerals, result in the observed stability shift of methane hydrate in the studied sediments compared with that in seawater.
It is well accepted that the BSR (bottom simulating reflector) marks the BGHS (base of gas hydrate stability) in marine sediments. Theoretically, the BSR should be consistent with the BGHS obtained from the extrapolation of the hydrate stability condition with the local geothermal gradient if the correct hydrate stability condition is applied. However, the temperatures at the BSR are lower by 0.5°C at Site 997 and by 2.9°C at Site 995 than predicted from methane hydrate stability conditions in seawater (Ruppel, 1997) . The sediment effect recognized by the present research can cause a stability shift of 0.4°C (relative to seawater), which nearly explains the BSR-BGHS discrepancy at Site 997. However, a shift of such magnitude is still inadequate to explain the BSR-BGHS discrepancy at Sites 995. We will do further investigations into other geological and physicochemical factors that might have resulted in this discrepancy.
CONCLUSION
Based on the above analyses of experimental results, the employed method can be used to investigate gas hydrate stability in natural sediments. The results showed that, the stability condition of methane hydrate in the studied nannofossil-rich claystone was shifted to a lower temperature field by 0.4°C and 1.5°C at a given pressure than in seawater and in pure water, respectively. This is probably due to the depressed water activity caused by the interaction of pore water with sediment particles. The recognized effect of sediment on hydrate stability can help to explain the BSR temperature anomalies observed at the Blake Ridge during ODP 164.
